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otype	 clusters	 apparently	 representing	 phenotypically	 cryptic	 populations	 that	










a	valid	and	useful	 tool	 for	 identifying	biological	population	structure	 in	 this	highly	
fecund	species	and	presumably	in	others.











raising	 concerns	over	 their	 reliability	 as	 a	 tool	 for	 inferring	demo-
graphic	 population	 structure	 (Luikart,	 England,	 Tallmon,	 Jordan,	&	
Taberlet,	 2003;	 Nielsen,	 Hansen,	 &	Meldrop,	 2006).	 Selected	 loci	








selection	 on	 the	markers	 is	 strong	 enough	 for	 environmental	 dif-
ferences	 to	 override	 population	 demography	 on	 allele	 frequency	
dynamics.	 Individuals	 and	 genotypes	 sampled	 after	 an	 episode	 of	
selective	 mortality	 may	 poorly	 represent	 the	 parental	 generation	
and	could	lead	to	false	impressions	of	population	structuring.	Such	
a	 scenario	 is	 illustrated	 in	 Figure	 1,	 depicting	 the	 outcome	 of	 hy-




biological	 populations,	which	 they	 are	not.	While	 strong	 selection	
acting	on	a	single	or	small	number	of	marker	loci	is	unlikely	to	have	







Strong	 selection	 in	 the	 form	 of	 non-random	 survival	 of	 gen-
otypes	 is	 not	 unreasonable	 in	 organisms	 that	 combine	 extremely	
high	fecundity	with	widespread	dispersal	of	offspring	into	a	diverse	
range	of	environments.	High	fecundity	implies	a	high	reproductive	
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excess,	for	some	organisms	in	the	millions	(Winemiller	&	Rose,	1992).	
To	maintain	population	size,	 this	excess	must	be	balanced	by	high	














parental	 adaptation	 and	 optimal	 offspring	 genotypes,	 creating	 an	
option	for	selective	mortality	in	offspring.
The	use	of	high-graded	markers	 is	particularly	 attractive	 for	
marine	organisms	because	population	structure	is	typically	weak	
within	 oceans	 (Hauser	 &	 Carvalho,	 2008;	Waples,	 1998;	Ward,	
Woodwark,	 &	 Skibinski,	 1994).	 However,	 many	 marine	 species	
represent	precisely	the	pattern	of	high	fecundity	and	widespread	
dispersal	followed	by	massive	juvenile	mortality	that	could	cause	
problems	 for	 some	genetic	markers	 to	provide	 reliable	 informa-
tion	on	biological	population	structure	and	for	correctly	assigning	
individuals	to	population	of	origin.	Here,	we	explore	these	issues	
empirically,	 using	 a	 panel	 of	 27	 SNP	markers	 that	were	 specifi-
cally	 developed	 for	 assigning	Atlantic	 cod	 (Gadus morhua)	 along	
the	south	coast	of	Norway	to	population	of	origin,	that	is,	to	pu-
tative	 “North	 Sea”	 or	 “fjord”	 populations	 (Jorde,	 Kleiven,	 et	 al.,	
2018;	Knutsen	et	al.,	2018).	We	tested	the	hypothesis	that	such	
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assignments	were	driven	by	selective	mortality	during	 the	early	




eggs	 and	 larvae	with	 ocean	 current	 and	 in	 the	 potentially	 con-
trasting	environments	where	they	settle	and	grow	up.	The	alter-
native	 hypothesis	 is	 that	 genetic	 clustering	 and	 assignments	 of	
coastal	 cod	 is	 not	 unduly	 affected	 by	 ongoing	 selection	 on	 the	
SNP	markers.
2  | MATERIAL AND METHODS
2.1 | The study species and experimental setting
The	Skagerrak	 is	an	extension	of	the	North	Sea,	situated	between	
Denmark,	 Sweden,	 and	 southern	 Norway,	 bordering	 Kattegat	
(Figure	 2).	 Spawning	 of	 Atlantic	 cod	 occurs	 in	 the	 North	 Sea,	 in	
the	 Kattegat,	 and	 in	 Skagerrak	 coastal	 waters	 during	 early	 spring	






the	North	 Sea	 along	 the	Skagerrak	 coast	 (Figure	2).	 Thus,	 spawn-
ing	products	 from	 the	North	Sea	 can	 and	do	 reach	 the	Skagerrak	
coast	(Knutsen	et	al.,	2004;	Spies	et	al.,	2018;	Stenseth	et	al.,	2006),	
and	 cod	 from	 the	outer	 coastal	 areas	 in	 the	Skagerrak	 appears	 to	




early	 summer	when	 they	descend	 to	 the	bottom	and	are	 referred	






Skagerrak	 coast	 have	 found	 genetic	 differences	 mainly	 between	
inner	 fjords	 and	 outer	 skerries	 (Knutsen	 et	 al.,	 2011;	 Øresland	 &	
André,	 2008).	 This	 spatial	 pattern	 of	 genetic	 variability	 has	 been	





from	 Skagerrak	 into	 two	 ecotypes,	 referred	 to	 as	 “fjord	 cod”	 and	

























Cod	 eggs	 were	 sampled	 during	 the	 spawning	 season	 from	























Mature,	 supposedly	 spawning,	 cod	 were	 sampled	 from	
Topdalsfjord	during	February	2015	with	the	help	from	a	local	fisher.	
Sampling	was	done	at	five	different	locations	within	the	inner	parts	
of	 the	 fjord	 (approximately	 stations	 1	 through	 4:	 Figure	 2b)	 over	






As	genetic	 references	 for	cod	 in	 the	study	area	we	used	 two	pre-
viously	 sampled	 and	 genotyped	 sets	 of	 individuals	 from	 the	
Norwegian	 Skagerrak	 coast	 and	 from	 the	North	 Sea,	 respectively	
(Jorde,	Kleiven,	et	al.,	2018).	The	two	reference	samples	consisted	




















no).	We	 dismissed	 individuals	with	 10	 or	more	missing	 genotypes	
as	having	poor	DNA	quality,	 resulting	 in	76	 individuals	 (70	eggs,	6	
juveniles,	0	spawners)	being	removed	from	further	analyses,	which	
were	based	on	the	remaining	409	individuals	(Table	1).	We	consist-
ently	got	genotypes	only	 from	25	of	 the	27	SNPs,	with	 two	SNPs	














n1 n2 NS fjord
Topdalsfjord
19–25.02.2015 Adult 52 52 0.019 5 47
05.03.2015 Egg 126 120 0.046* 9 111
15.06.2015 Juvenile 10 9 0.080 2 7
15.09.2015 Juvenile 11 10 −0.094 1 9
χ2 =	2.308,	df =	3,	p	=	0.511
Tvedestrandsfjord
20.02.2015 Egg 7 2 NA 0 2
27.02.2015 Egg 77 46 0.012 0 46
06.03.2015 Egg 61 45 0.094* 11 34
13.03.2015 Egg 33 25 −0.024 3 22
24.03.2015 Egg 29 25 −0.012 1 24
08.06.2015 Juvenile 54 50 0.094 31 19
12.10.2015 Juvenile 25 25 0.038 2 23
χ2	=	69.31,	df =	6,	p = 0.000
Total 485 409 65 344
Note.	For	each	sample	are	given	date	of	sampling,	life	stage	sampled,	sample	sizes	(n1	=	total	number	
of	 genotyped	 individuals;	 n2	=	number	 of	 those	 that	were	 successfully	 genotyped,	 i.e.,	 with	 <10	
genotypes	missing),	average	FIS	over	25	loci	(NA	=	not	calculated	due	to	low	sample	size;	asterisks	
indicate	 significance	 at	 the	 5%	 level	 with	 Genepop probability	 test),	 and	 numbers	 assigned	 by	
Geneclass2	to	the	“North	Sea”	(NS)	and	“fjord”	types.	χ2	refers	to	the	contingency	chi-square	test	for	
homogeneity	of	proportions	assigned	to	the	two	types	at	different	sample	times	and	life	stages.
TA B L E  1  The	target	samples	from	the	
Topdalsfjord	and	Tvedestrandsfjord
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test.	Individuals	were	clustered	on	the	basis	of	their	multilocus	geno-
types	using	Structure	(v.	2.3.4:	Pritchard,	Stephens,	&	Donnelly,	2000)	






























To	 test	 for	 difference	 among	 temporal	 samples	 in	 proportions	
of	 individuals	 assigned	 to	 each	 genetic	 cluster,	 we	 used	 standard	
chi-square	heterogeneity	 tests	and	 regression	analyses.	We	chose	
logistic	 regression	with	Geneclass2	 score	 as	 response	variable	 and	
date	of	sampling	and	position	of	sampling	site	in	the	fjord	as	explan-
atory	variables.	The	model	is	logistic	because	score	is	a	binary	vari-
able	 (1	=	individual	 belong	 to	 the	North	 Sea	 cluster,	 0	=	individual	
belong	to	the	fjord	cluster)	and	we	used	regression	because	the	two	
explanatory	variables	are	ordinal,	and	regression	is	then	statistically	





spawned	 at	 different	 dates,	 but	 these	 differences	 should	 be	 rel-





These	 gradients	 could	 reflect	 differences	 in	 temperature,	 salinity,	
oxygen	 level,	 prey	 availability	 and	 species	 composition,	 parasite	
prevalence,	and	so	on	(cf.	Schulze,	2006)	that	might	induce	selective	









A	total	of	409	 individuals,	 representing	adults,	eggs	and	 juveniles,	
were	genotyped	successfully,	in	the	sense	that	>15	SNPs	produced	
a	 valid	 genotype	 (i.e.,	 <10	 SNPs	 failed).	 Eggs	 typically	 had	 more	
missing	 genotypes	 than	 did	 juveniles	 and	 adults,	 and	 the	 number	
of	 missing	 genotypes	 was	 greater	 for	 eggs	 with	 low	 DNA	 con-
centration	 (Supplementary	 Information	 Figure	 S1).	 The	 few	 eggs	
that	were	obtained	at	 the	 first	 sampling	event,	on	February	20	 in	
Tvedestrandsfjord,	 all	 had	 very	 low	 DNA	 concentration,	 presum-






Most	 SNPs	 displayed	 a	 deficiency	 of	 heterozygotes	 in	 the	
pooled	 sample	 (n	=	409),	 with	 positive	 FIS	 estimates	 at	 21	 out	 of	
25	 SNPs	 (Figure	 3).	 For	 ten	 of	 the	 SNPs	 deviation	 from	 Hardy–





of	 the	 ten	 samples	 reaching	 significance	at	 the	5%	 level	 (Table	1).	
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maximum	Ln	Prob(data|K)	for	K	=	2	(Table	2).	Estimated	membership	
to	either	of	the	K	=	2	clusters	displayed	a	clear	dichotomy	with	most	






3.2 | Change in cluster proportions
The	 test	 of	 constant	 proportions	 of	 the	 two	 genotype	 clusters	 in	
temporal	 samples	 from	 Topdalsfjord	 included	 adults,	 eggs,	 early	
(June)	 and	 late	 (October)	 juveniles	 and	 revealed	 no	 difference	
among	 life	stages	 (contingency	chi-square	test,	p	=	0.511:	Table	1).	
Cod	of	 the	putative	North	Sea	 type	was	present	 in	 all	 samples	 in	
low	proportions,	with	the	highest	proportion	(two	out	of	seven	sam-




(p	=	0.614;	 Table	 3;	 Figure	 5	 left).	 In	 Tvedestrandsfjord,	 which	 in-
cluded	five	replicate	egg	samples	but	no	adults,	there	was	a	highly	
significant	heterogeneity	among	temporal	samples	in	proportions	of	







(42	 of	 75	=	56%	 vs.	 15	 of	 143	=	10%).	 These	 differences	 among	
temporal	samples	resulted	in	a	statistically	significant	(p	=	0.014)	in-
crease	 in	North	Sea	proportions	with	sampling	date	 in	 the	 logistic	
regression	model	for	this	fjord	(Table	3;	Figure	5	right)	but	without	
any	clear	trend	in	the	spatial	dimension	(p	=	0.587).	Inspection	of	the	











ating	 genetic	 clusters	 of	Atlantic	 cod	 in	 Skagerrak	 coastal	waters,	
the	shift	in	genotypic	composition	would	be	expected	to	take	place	





changes	 and	 members	 of	 both	 clusters	 were	 presented	 in	 appar-
ently	constant	proportions	during	all	life	stages,	including	the	adult	









TA B L E  2  Estimation	of	number	of	populations	in	the	combined	
samples	from	Topdalsfjord	and	Tvedestrandsfjord

































































8  |     JORDE Et al.


















Estimate SE p Estimate SE p
Station	number 0.260 0.180 0.148 0.094 0.133 0.480





































Reference samples Target samples
Topdalsfjord Tvedestrandsfjord










































it	 likely	 represents	 a	unique	 lineage	of	 cod.	There	 is	 evidence	 that	
this	lineage	may	be	related	to	the	western	Baltic	cod	stock	(Barth	et	
al.,	 2017).	Whatever	 its	 origin,	 this	 type	must	be	 largely	 reproduc-
tively	 isolated	 from	North	Sea	 cod	 in	order	 to	maintain	 its	 genetic	
characteristics	where	 the	 two	 types	 coexist.	Apart	 from	 the	puta-
tive	 indications	for	selective	removal	of	North	Sea	cod	from	within	
Tvedestrandsfjord,	 the	 circumstances	 allowing	 co-occurrence	 of	
two	 types	 of	 cod	 in	 coastal	 Skagerrak	 remain	 unknown.	 Similar	
phenomena	 of	 coexisting	 types	 have	 been	 described	 for	 coastal	
and	migratory	 cod	 along	 northern	Norway	 (Johansen	 et	 al.,	 2018;	
Kirubakaran	 et	 al.,	 2016;	 Sarvas	 &	 Fevolden,	 2005;	 Westgaard	 &	
Fevolden,	2007),	Iceland	(Halldórsdóttir	&	Árnason,	2015),	Greenland	

















and	different	 statistical	 tools	 used	 for	discriminating	 among	 such	
locus	classes	often	yield	conflicting	results	(Lotterhos	&	Whitlock,	
2014;	Narum	&	Hess,	 2011).	 The	 present	 study	 does	 not	 rely	 on	
comparisons	of	spatial	differentiation	patterns	among	putative	dis-
tinct	classes	of	loci	as	a	means	of	assessing	their	reliability	as	pop-
ulation	markers.	 Instead,	 our	 aim	was	 to	 test	 the	hypothesis	 that	
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